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Background
Ceramide is an intracellular lipid second messenger generated in response to a large number of extracellular signals [1, 2] . These include tumor necrosis factor-alpha (TNF-␣), interleukin-1 beta (IL-1␤), ionizing and ultraviolet radiation, anti-cancer drugs, growth-factor withdrawal, infection by human immunodeficiency virus (HIV) or bacteria. It is reported to participate in cell differentiation [3] , senescence [4] , growth arrest or programmed cell death [1, 2] , depending on the cell type.
The role of ceramide in programmed cell death or apoptosis has been described in lymphocytes [5] , macrophages [6] , neurons in primary culture [7] [8] and neuronally differentiated PC12 cells [9] [10] [11] . A number of downstream targets of ceramide have been identified. The best documented are the ceramideactivated protein phosphatases (CAPP) and the ceramide-activated protein kinase (CAPK). The former, represented by the PP1 and PP2A families, mediate the effect of ceramide on the transcription factors c-Myc [12] and c-Jun [13] . CAPK is involved in the mitogen-activated protein (MAP) kinase (MAPK) cascades that include the extracellular-signal regulated kinases (ERK), the c-Jun N-terminal kinases or stressactivated kinases (JNK/ SNK/SAPK) and the p38 family [14] .
Recently, it has been shown that C 2 -ceramide rapidly decreases phosphorylation of ERKs, but increases p38 and JNK phosphorylation, activating the transcription factors c-Fos, c-Jun and p53, during the effector phase of apoptosis in primary cortical neurons [15] . It also regulates the protein kinase B (Akt/PKB)-dependent survival pathways, inactivating Akt by dephosphorylation and activating the Bcl-2-related protein BAD by phosphorylation [16] [17] [18] . Ceramide-induced apoptosis in neurons or in neuronally differentiated PC12 cells has been associated with mitochondrially produced reactive oxygen species (ROS) as well as activation and nuclear translocation of the transcription factor NFB [10, 11, 19] . All these molecular events are observed during the effector phase of ceramide-induced apoptosis which also includes gene expression and new protein synthesis required for ceramidemediated cell death, as it has been shown that neuronal cell death can be inhibited by cycloheximide [7] . The genes that are transcriptionally regulated during ceramide-mediated cell death are still poorly documented.
To study gene expression during neuronal cell death, we carried out a differential screen of an array of 9,120 cDNA clones from a human infant brain library (library 1NIB [20] ) with complex cDNA targets derived from neuronally differentiated rat pheocytochroma PC12 cells treated with C 2 -ceramide compared to control PC12 cells. This model is particularly suitable for establishing a gene-expression profile during ceramide-mediated neuronal death because first, the neuronal cell population is synchronized and homogeneous, unlike brain tissue or primary neuronal cultures, and second, because the use of exogenous C 2 -ceramide eliminates the risk of interference by transcripts activated by signal transducers upstream of ceramide in the cell-death pathway or in pathways activated in parallel.
Results

Cell death induced in neuronally differentiated PC12 cells by C 2 -ceramide
The morphological characteristics of differentiated PC12 cells after 24 hours in the presence of 25 M C 2 -ceramide were compatible with cell death by apoptosis. Compared with control cultures, as viewed by phase-contrast microscopy (Figure 1a ), C 2 -ceramide-treated cells lost their neurites and became rounded and shrunken after 24 hours of treatment ( Figure 1b ). The cells that remained viable in the C 2 -ceramide-treated cultures were refringent (Figure 1b ), like those in the control cultures ( Figure 1a ), and excluded the vital marker propidium iodide (Figure 1c ), whereas the dead cells took up propidium iodide that intercalated into their DNA (Figure 1d ), revealing condensed and fragmented nuclei. As previously described, when neuronally differentiated PC12 cells or primary cultures of mesencephalic neurons were treated with cell-permeant C 2 -ceramide (10-50 M), they died in a dose-dependent manner [7, 10] . At 25 M no significant cell death was observed until 12 hours after the initiation of treatment (Figure 2a ). After 24 hours, 50% of the cells had died. By 48 hours, no viable cells remained. Furthermore, we observed activation of caspase-3/CPP32, a member of the cysteine-activated aspartate family of cell-death proteases [21] , that started 8 hours after the beginning of ceramide treatment and was five times the control value by 18 hours (Figure 2b ). No significant cell death and caspase-3/CPP32 activity were observed using the inactive C2 analog of ceramide, C 2 -dihydroceramide ( Figure 2 ).
Validation of hybridization signals
Hybridization of 9,120 cDNA clones with complex cDNA targets from poly(A) + RNA extracted from C 2 -ceramidetreated or control cells produced signals of varying intensities ( Figure 3a ). In order to eliminate clones for which no reproducible hybridization signals were obtained, the signalintensity values were validated as described in Materials and methods. Thus, 7% of the clones hybridized with the control cDNA target (634) and 14% of clones hybridized with the C 2 -ceramide-treated cDNA target (1, 297) were excluded from further analysis. The remaining 6,494 clones were analyzed for differential hybridization.
Differential gene expression in neuronally differentiated PC12 cells treated with C 2 -ceramide compared to controls
Changes in gene expression were analyzed during the effector phase of neuronal death, 7 hours after the beginning of C 2 -ceramide treatment. This time point was chosen because on the one hand it is preceded by the activation of the transcription factor NFB and c-Jun observed 4 to 6 hours after C 2 -ceramide treatment in PC12 cells [10, 22] , and on the other, the apoptotic process is still not induced by caspase-3 activation, which occurs 8 hours after the beginning of C 2 -ceramide treatment.
Hybridization between the rat PC12 cell-derived targets and the human cDNA macroarray was carried out as described in Materials and methods. Modulation of gene expression was quantitated by calculating the ratio of the intensity of the normalized hybridization signal obtained with the C 2 -ceramide cDNA target to that obtained with the control target. Clones were considered to be differentially hybridized in C 2 -ceramide-treated cells compared to control cells if the ratio between the corresponding hybridization intensity values was Ն 2 (up-hybridized clones) or Յ 0.5
(down-hybridized clones) which are the limits of confidence for the method. To decrease the risk of false-positive results, clones with hybridization signals that were less than twofold above background were also excluded, resulting in the elimination of 538 clones. In addition, the remaining clones were hybridized with complex cDNA targets from poly(A) + RNA extracted from C 2 -dihydroceramide-treated cells used as negative control and compared to untreated cells. No modulation of expression was observed (except for one clone excluded from the analysis) in the presence of this inactive analog of C 2 -ceramide (data not shown). Among the 239 clones that met the criteria for differential hybridization, 132 were up-hybridized in C 2 -ceramide-treated cells and 107 were down-hybridized. The distribution of the hybridization-intensity values between the control and the C 2 -ceramide complex cDNA targets is presented in Figure 3b . Approximately 55% (72/132) of the up-hybridized clones were hybridized 3-6-fold more in C 2 -ceramidetreated cells than in the control and 40% (41/107) of the down-hybridized clones were hybridized 3-9-fold less.
Partial 5´ and 3´ sequences of the 239 clones were compared with all the sequences in the database developed in our laboratory (the Genexpress Index [23] ) and in public databases. Of the 239 clones, 179 clones corresponded to already identified human genes, 113 of which have defined functions. The remaining 60 clones corresponded to genes with limited characterization. Under the hypothesis that differential hybridization of the clones reflects linear modulation of 
Figure 4
Differentially expressed genes that encode proteins with functions involved in ceramide-dependent apoptosis. Black boxes, Genes involved in the ceramide signaling pathway; gray boxes, genes transcriptionally stimulated by TNF-␣; white boxes, genes involved in the TNF-␣ signaling pathway. Fold change expression of the corresponding genes, we assume that we have detected differential gene expression using cDNA array technology that can be interpreted according to the information available.
Ten differentially expressed genes encode proteins with a role in ceramide or TNF-␣ signaling pathways ( Figure 4 , Table 1 ; see [24] for links to database entries for each gene). Two of these genes, PLA2G4C [25] and CLN3 [26, 27] seem to have a role in ceramide-mediated cell death or survival. Two upregulated genes (ETV5 [28] , NPTX2 [29, 30] ) and two downregulated genes (COL18A1 [31, 32] , TNFAIP1 [33] ) encode proteins that are modulated by TNF-␣. Four genes, three upregulated (AXL [34] , BIRC1 [35] , RSU1 [36] ) and one downregulated (MAPK10 [37] ) encode proteins with a role in the TNF-␣ signaling pathway.
Twenty clones correspond to genes encoding proteins that have been involved in the regulation of apoptosis and/or cell growth ( Figure 5 , Table 2 , see [24] ). Fourteen are uphybridized and six are down-hybridized by C 2 -ceramide. Ten of the upregulated and two of the downregulated genes encode proteins stimulating apoptosis and/or growth arrest. The other genes (four upregulated and four downregulated) encode proteins downregulating apoptosis and/or stimulating growth.
The remaining 83 clones corresponding to 82 genes with known or putative functions have no obvious relation to the apoptosis process ( Table 3 , see [24] ). Of the total number of differentially hybridized clones, 66 correspond to mRNA sequences ( Table 4 , see [24] ) and 60 to poorly characterized genes ( Table 5 , see [24] ) that encode proteins without known function.
To confirm the results obtained by macroarray analysis, differentially expressed transcripts representing upregulated or downregulated genes were analyzed for differential expression by reverse transcription PCR (RT-PCR) or northern blots. As shown in Figure 6 , the upregulation of ETV5, M6PR and APCL was confirmed by RT-PCR, and the downregulation of two genes with unknown function (mRNA DKFZp586C1723 and GENX 2969) was confirmed by northern blotting. [85] ; C. int., mean of the normalized and validated intensity values obtained after filter hybridization with complex cDNA target derived from control mRNA. C. SD, standard deviation derived from the C. int. S. int., mean of the normalized and validated intensity values obtained after filter hybridization with complex cDNA target derived from ceramidestimulated cultured cell mRNA. S. SD, standard deviation derived from the S. int. Ratio, ratio of S. int. to C. int. Similarity, gene similarity.
Discussion
Extracellular signaling molecules such as cytokines, growthfactor deprivation and DNA damage caused by chemotherapeutic agents or irradiation activate ceramide-mediated signal transduction pathways leading to cell death. These pathways have been investigated in the immune system, where they are known to have an important role, and in neurons, as they are suspected to play a part in neurodegenerative disorders [1] . A number of steps in the signaling cascades have been elucidated. However, although the translation inhibitor cycloheximide inhibits the ceramidemediated death of mesencephalic neurons [7] , the expression patterns of genes modulated during ceramide-mediated cell death remain unknown. In a global approach to this question, we have used cDNA macroarray technology to determine the profile of gene expression in a neuronal model of cell death, neuronally differentiated and C 2 -ceramidetreated PC12 cells, in which ceramide-dependent changes in gene expression could be isolated from the effects of other transcription modulators.
Identification of genes closely implicated in the ceramide and/or TNF-␣ ␣ signaling pathway
We were able to detect differential expression of 10 genes known to be involved in the ceramide or TNF-␣ signaling pathways (see Figure 4 , Table 1 ) thus validating our study. A summary illustration of the putative role of these genes is presented in Figure 7 . Briefly, two genes, encoding phospholipase A2 group IVC (PLA2G4C) and ceroid-lipofuscinosis, neuronal 3, juvenile (CLN3) are already known to be involved in ceramide-mediated signal transduction. The first, PLA2G4C, belongs to the cytosolic phospholipase A2 gene family that encodes two different proteins: calciumindependent and calcium-dependent cytosolic phospholipases [38] . TNF-␣ regulates the expression of PLA2G4A mRNA in HeLa cells [39] and in human bronchial epithelial cells [40] , which is indirect evidence of modulation by ceramide, but the role of ceramide was not demonstrated directly in these studies. However, ceramide was shown directly to upregulate the expression of the gene encoding cytosolic phospholipase A2 in the fibroblast cell line L929 
Figure 5
Differentially expressed genes that encode proteins involved in the regulation of apoptosis and/or cell growth. Gray boxes, genes stimulating apoptosis and/or growth arrest; white boxes, genes downregulating apoptosis and/or stimulating growth.
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Fold change [41] . Conversely, the activation of this gene was reported to be necessary for ceramide accumulation and cell death in the same cells [25] . We show for the first time that this gene is involved in neuronal apoptosis.
The second gene, CLN3, is expressed in a variety of human tissues including the brain, where the product is necessary for neuronal survival [26, 27] . Interestingly, CLN3 does not inhibit C 2 -ceramide-induced apoptosis but modulates endogenous ceramide synthesis and suppresses apoptosis by preventing generation of ceramide [42] . Thus, C 2 -ceramide can activate a negative feedback mechanism regulating endogenous ceramide generation as well as activate the downstream targets of the endogenous lipid.
Four other genes or families of genes known to be transcriptionally regulated by TNF-␣ were also modulated by C 2 -ceramide in our model (Table 1) . Of these, ETS variant 5 (ETV5) belongs to the family of ETS transcription factor genes. Increased expression of both ETS1 mRNA and the protein has been observed in human fibroblasts after TNF-␣ or IL-1␤ stimulation [28] . PEA3 (a mouse protein Table 2 Differentially expressed genes that encode proteins involved in the regulation of apoptosis and/or cell growth Abbreviations and column headings are as in Table 1 . Table 3 Known genes differentially expressed in ceramide-dependent apoptosis with no identified direct interaction with the ceramidedependent apoptosis process Abbreviations and column headings are as in Table 1 .
corresponding to ETV5) inhibits tumorigenesis in vivo [43] . Moreover, ETV5 and ETS1 can cooperate with c-Jun/c-Fos [44, 45] , potential regulators of apoptosis in many cell types and specially in the mammalian nervous system [46] . The second gene regulated by TNF-␣ is NPTX2, encoding neuronal pentraxin II. Pentraxins are a family of proteins that include C-reactive protein and serum amyloid P. They have been found in the brain plaques characteristic of Alzheimer's disease and are toxic to neuronal cell cultures [47, 48] . Furthermore, the expression of NPTX3 is increased in response to TNF-␣ or IL-1␤ stimulation via activation of NFB [29, 30] . The regulation of the pentraxin gene family by C 2 -ceramide treatment is consistent with our previous studies showing NFB activation by C 2 -ceramide in PC12 cells and in primary cultures of neurons [10, 19] . The last two genes known to be regulated by TNF-␣ and identified in our model are COL18A1, encoding type XVIII collagen alpha 1, and TNFAIP1, encoding TNF-␣-induced protein 1. These proteins, downregulated by C 2 -ceramide, are modulated by TNF-␣ in various cell types [31] [32] [33] .
We also identified four genes encoding proteins known to participate in TNF-␣-activated signal transduction pathways. Thus AXL, upregulated by a factor of 3.65 (Table 1) , encodes a tyrosine kinase receptor. Signaling through this receptor is reported to protect against TNF-␣-induced apoptosis in fibroblasts and its absence increases apoptosis after serum deprivation [34] . Interestingly, ARK, the mouse protein corresponding to AXL, activates the survival pathway mediated by the serine-threonine kinase Akt [49] , which is negatively regulated by ceramide [16, 17, 50] , and is also reported to modulate ceramide synthesis [51] . The second gene we identified is BIRC1, encoding baculoviral IAP repeat-containing 1 protein. This protein, putatively involved in spinal muscular atrophy [52] , is an inhibitor of cell death induced by various apoptotic stimuli, including TNF-␣ [35] . The third identified gene, RSU1, encodes Ras suppressor protein 1, which is involved in TNF-␣ signaling by blocking the Ras-dependent response. Levels of both RSU1 mRNA and protein have been correlated with a decrease in growth rate and tumorigenic potential in U251 glioblastoma cells [53] and it induces growth arrest in PC12 cells [36] . This is consistent with the report that ceramide regulates apoptosis via modulation of the Ras signaling pathway [18] . In addition, RSU1 has been identified as an inhibitor of Jun kinase activation [37] . This point is interesting, as the fourth gene presenting in this group, MAPK10/J.NK3, encoding the JNK family member mitogen-activated protein kinase 10, is downregulated by C 2 -ceramide in our model. The identification of these eight genes, which are involved in the TNF-␣ signaling pathway, in C 2 -ceramide treated PC12 cells, suggests that their modulation of expression by TNF-␣ could be the result of a ceramide-dependent mechanism.
Commitment to apoptosis: upregulation of proapoptotic genes and downregulation of anti-apoptotic genes by the ceramide pathway
Twenty genes regulated by C 2 -ceramide correspond to genes known to be involved in regulation of apoptosis and/or cell growth ( Figure 5 , Table 2 ). Twelve of these genes are known to be associated with oncogenesis and four with neuronal disorders. Of the upregulated genes, 10 out of 14 are known to be associated with a pro-apoptotic or anti-proliferation process and 3 out of 14 are mainly implicated in protection of the cell against cytotoxicity or damage. Of the downregulated genes, 4 out of 6 are associated with an anti-apoptotic or a proliferation process. This highlights the fact that the cells are engaged in programmed cell death. The putative roles of these genes are illustrated in Figure 7 , which focuses on the pro-apoptotic or anti-proliferation process versus anti-apoptotic or proliferation processes.
Briefly, of the known pro-apoptotic or anti-proliferative genes that are upregulated in our model, RPL4 encodes the ribosomal protein L4 that has been shown to be transcriptionally stimulated prior to apoptosis induced by the 5-azacytidine in the PC12 cells [54] . PDCD6IP, upregulated by C 2 -ceramide in our model, encodes a protein that interacts with ALG2, a Ca 2+ -binding protein that is required for apoptosis induced by diverse stimuli, including ceramide treatment [55] [56] [57] . M6PR encodes the cation-dependent mannose-6-phosphate receptor, which has been implicated in retinoid-induced apoptosis [58] . NMA, encoding a putative transmembrane protein, is expressed at low levels in metastatic human melanoma cell lines and xenografts, and is completely absent in highly metastatic human melanoma cell lines [59] . APCL, encoding adenomatous polyposis coli like protein, is a tumor-suppressor gene [60] . METAP2 encodes methionine aminopeptidase eIF-2-associated p67, which interacts with eukaryotic translation initiation factor eIF-2 [61] and could regulate p53 signaling [62] . BAT3, downregulated in some transformed cells, encodes HLA-B associated transcript-3, which interacts with the tumorsuppressor protein DAN that contains growth or tumor suppressive activity in vitro [63] . PHB encodes the protein prohibitin, a potential tumor-suppressor protein that binds to the retinoblastoma (Rb) protein and represses E2F transcriptional activity [64, 65] . BNIP3L, encoding BCL2/adenovirus E1B 19kD-interacting protein 3-like, is a pro-apoptotic gene which has a growth-inhibitory effect on cancer cells [66] . CDH13, encoding cadherin 13, is significantly downregulated in human breast carcinoma cell lines and breast cancer, whereas its overexpression decreases tumor-cell growth [67, 68] .
Of the known anti-apoptotic or proliferative genes that are downregulated in our model, LOC51582 encodes an antizyme inhibitor, which regulates the antizyme activity proposed to be involved in the polyamine biosynthesis pathway [69, 70] . Interestingly, overexpression of antizyme inhibits cell growth [71, 72] , whereas LOC51582 is downregulated in our model. This observation is consistent with a role of antizyme in the apoptotic process and suggests that ceramide can regulate its activity. LOC51283, a regulator of the activity of the Bcl-2 family proteins, encodes a novel apoptosis regulator, which has been identified as an inhibitor of Bax-induced cell death [73] . Its downregulation by C 2 -ceramide confirms its involvement in the ceramidedependent regulation of cell death. The last gene presented here, MET, encodes the MET proto-oncogene, known to be a receptor of the hepatocyte growth factor that has been described to protect neuronal cells from apoptosis via the phosphatidylinositol-3 kinase/Akt pathway [74] .
Four genes out of the other genes presented in Table 2 have already been implicated in neuronal disorders, suggesting that ceramide may be a key second messenger in these pathologies. The upregulation of the glutamate receptor gene (GRIA2) seems to be an indicator of tolerance to ischemia [75] . The absence of somatostatin, encoded by SST (downregulated in our model), is associated with apoptotic neurons in patients with Alzheimer's disease [76] . SMN, encoding Survival of motor neuron 2, downregulated by C 2 -ceramide, strongly contributes to the severity of the spinal muscular atrophy [77] . MUT mRNA is upregulated in ischemia, in relation to a decrease in the accumulation of its neurotoxic metabolite [78] .
In conclusion, our cell culture model has enabled us to establish a profile of gene expression during the effector phase of ceramide-mediated cell death. In spite of the stringency of the criteria adopted for differential hybridization, a large number of cDNA clones, 239 of the 9,120 in our cDNA array derived from a normalized infant brain library, Abbreviations and column headings are as in Table 1 . correspond to genes up-or downregulated by C 2 -ceramide treatment. Already-known genes account for 179 of the transcripts, 113 of which have a putative function.
On the basis of their putative functions, we have made an attempt at classifying these transcripts, first with respect to known effects of ceramide or ceramide-mediated transduction systems, then with respect to regulation of cell growth and apoptosis. The 30 genes in Tables 1 and 2 met these criteria, validating the approach and suggesting that the other modulated genes may also be relevant with regard to the progression of the cell-death mechanisms. These genes were classified as having no obvious relation to cell death or survival (Table 3) , no known function (Table 4 ) or as poorly characterized ( Table 5 ). As a result of our study, these genes now have tentative functions. The full list can be consulted with the relevant data on the dedicated website [24] .
Interestingly, given the large number of genes known to be modulated by NFB in the immune system [79] , it was sur-prising that only pentraxin was detected in our model. This suggests either that NFB is less important in neurons than in lymphocytes, or that its targets are different. Conversely, the transcriptional regulators responsible for the differential expression of the genes detected in our study remain to be discovered. In any case, our results show that transcriptional regulation plays an important role in ceramide-mediated cell death and that some of the modulated transcripts, in agreement with published studies, are involved in other cell-death mechanisms as well.
Materials and methods
Cell culture
Rat PC12 cells [80] , which acquire a neuronal phenotype in the presence of nerve growth factor (NGF), were plated at a density of 2,000-3,000 cells/cm 2 in 75 cm 2 culture flasks coated with polyethylenimine (1 mg/ml) in Leibovitz modified L15 medium (Gibco BRL) supplemented with 2% horse serum and 150 ng/ml NGF (grade II; Alomone Labs, Jerusalem, Israel) as previously described [81] . Apoptosis was induced, after 6 days in the presence of NGF, with the cell-permeant C 2 analog of ceramide (C 2 -ceramide), N-acetylsphingosine (Biomol Research Laboratories, Plymouth Meeting, PA), at a concentration of 25 M. As negative control, an inactive C 2 analog of ceramide (C 2 -dihydroceramide), N-acetylsphinganine (Biomol Research Laboratories), was used in the same condition as C 2 -ceramide.
Morphological characterization of apoptosis and cell counts
Neurite retraction and cell shrinkage were visualized by phase-contrast microscopy. Condensed and fragmented nuclei were made visible in situ as described in [7] , by intercalation into nuclear DNA of the fluorescent probe propidium iodide. Propidium iodide, which only enters dead cells that have become permeable, was visualized by epifluorescence with a rhodamine filter (excitation, 548-580 nm; emission, 580-610 nm). Viability was quantified by counting cells in at least 10 randomly chosen fields with a 20x objective. The percentage of cells excluding the vital dye propidium iodide was calculated at each time point after the beginning of C 2 -ceramide or C 2 -dihydroceramide treatment with respect to the corresponding control.
Measurement of caspase-3-like activity
Caspase-3-like activity was measured using the CaspACE Assay system (Promega, Madison, WI). Cell extracts containing equivalent amounts of protein were used to measure DEVDase (caspase-3-like) activity: the chromophore p-nitroaniline (pNA), released from the colorimetric substrate (Ac-DEVD-pNA) upon cleavage by DEVDase produces a yellow color that is monitored by a photometer at 405 nm.
Preparation of the cDNA macroarray
cDNA clones from a normalized infant brain library (library 1NIB; [20] ) were randomly selected to provide a set of 9,120 cDNA clones. The 3´ and/or 5´ ends of these clones had been previously sequenced [25] . The sequences, registered in GenBank [82] , were compared to those in public data bases, permitting tentative identification of the corresponding gene transcripts. The cDNA clones were used to prepare PCR products using oligonucleotide primers complementary to sequences in the vector. They were spotted by robot (Flexis; Perkin Elmer, Shelton, CT) at medium density (25 PCR products/cm 2 ) on nylon membranes (Hybond-N+; Amersham Biosciences, Uppsala, Sweden) as previously described [83] . The entire collection of 9,120 cDNA clones was spotted on a set of four filters. Proteins known to be associated with a pro-apoptotic or an anti-proliferation process Proteins known to be associated with an anti-apoptosis or proliferation process
Purification of poly(A) + mRNA
Total RNA was extracted from control PC12 cultures and from PC12 cultures treated with C 2 -ceramide or C 2 -dihydroceramide (approximately 10 6 cells) with the RNeasy midi kit (Qiagen, Courtaboeuf, France), according to the manufacturer's instructions. The integrity of the RNA was confirmed by agarose gel electrophoresis. Poly(A) + mRNA was extracted from total RNA with oligo(dT)-conjugated magnetic beads (Dynabeads; Dynal, Oslo, Norway), as described in the manufacturer's protocols.
Complex cDNA target synthesis
Complex cDNA targets were synthesised by reverse transcription of 500 ng poly(A) + mRNA extracted from control, C 2 -dihydroceramide-or C 2 -ceramide-treated PC12 cells. The reaction was performed with the SuperScript TM Preamplification System (Invitrogen) as previously described [84] . The reaction mixture contained random-oligonucleotide primers (500 ng), 50 Ci [␣-33 P]dATP, 3,000 Ci/mmol (Amersham), 500 M d(T, C, G)TP (Amersham) and 50 M dideoxyGTP (Invitrogen).
Filter hybridization
The filters were prehybridized at 68°C for 30 min in ExpressHyb hybridization solution (Clontech, Palo Alto, CA), hybridized for 2 h in the same solution to which the radiolabeled complex cDNA target was added, then washed twice for 30 min at 25°C in standard saline citrate (SSC) 1x/0.1% sodium dodecyl sulfate (SDS) and twice for 30 min at 25°C in SSC 0.1x/0.1% SDS. The washed filters were exposed to phosphorus screens (Molecular Dynamics, Sunnyvlae, CA) for 16 h.
Hybridization signal quantitation
Image acquisition was carried out with the PhosphorImager (Molecular Dynamics). The hybridization signal corresponding to each cDNA clone was quantitated with a specifically designed software (XdotsReader; Cose, Dugny, France) and the local background signal was subtracted. The intensity of the hybridization signal for each clone was then divided by the average intensity of all the clones on each filter to obtain normalized values. Hybridization was done in quadruplicate so that, for each clone/target combination, four values were obtained, compared and validated if at least three out of the four values were similar (SD ± 25%). The final value assigned to each clone was the average of the validated values.
Northern blotting
Total RNA (20 g) were fractionated under denaturing conditions in a 1.2% agarose gel and transferred onto a Hybond-N+ membrane (Amersham). Specific probes were generated from cDNA clones of interest by PCR using vector-specific primers. The PCR products were purified using the microcon kit (Amicon, Wageningen, The Netherlands) and radiolabeled by random priming (Gibco BRL). Oligonucleotides corresponding to 18S rRNA (control probe) were 32 P-labeled using [␥-33 P]ATP and T4 RNA kinase. For northern blot analysis, the blots were prehybridized 2 h in ULTRAhyb hybridization buffer (Ambion, Austin, TX), hybridized with the labelled probe (1-2 x 10 6 cpm/ml) for 16 h at 42°C in the same solution, and washed as for the high-density filters. The washed filters were exposed to phosphorus screens (Molecular Dynamics) for 48 h. The hybridization signal of the specific probes was analyzed with the ImageQuant software (Molecular Dynamics) and compared to the signal obtained with the control probe.
RT-PCR
Total RNA of PC12 cells cultured with or without C 2ceramide was purified according to the protocol described above. Total RNA (2 g) were reverse transcribed using the SuperScript TM Preamplification System (Invitrogen) according to the manufacturer's protocol. An aliquot of the reaction was then used for PCR amplification with the Advantage PCR kit (Clontech) and primers specific to the gene of interest. The amplification products were visualized after electrophoresis in a 1.5% agarose gel with ethidium bromide. The signals were analyzed with ImageQuant software and compared to HPRT (hypoxanthine phosphoribosyl transferase) as control gene.
